Abstract. People with stereo-deficiencies usually have problems for the perception of depth using stereo devices. This paper presents a study that involves participants who did not have stereopsis and participants who had stereopsis. The two groups of participants were exposed to a maze navigation task in a 3D environment in two conditions, using a HMD and a large stereo screen. Fifty-nine adults participated in our study. From the results, there were no statistically significant differences for the performance on the task between the participants with stereopsis and those without stereopsis. We found statistically significant differences between the two conditions in favor of the HMD for the two groups of participants. The participants who did not have stereopsis and could not perceive 3D when looking at the Lang 1 Stereotest did have the illusion of depth perception using the HMD. The study suggests that for the people who did not have stereopsis, the head tracking largely influences the 3D experience.
Introduction
Stereopsis refers to the perception of depth through visual information that is obtained from the two eyes of an individual with normally developed binocular vision [1] . The perception of depth is also possible with information visible from only one eye. In this case, the person uses differences in object size and motion parallax in order to have such perception [2] . However, according to Barry [3] , the impression of depth cannot be as vivid as that obtained from binocular disparities. Virtual Reality (VR) has received numerous definitions. According to LaViola [4] , "VR is a user interface technology that provides an immersive and realistic, three dimensional computer simulated world". Dionisio et al. [5] defined VR as a computer-generated simulation of three-dimensional objects or environments with seemingly real, direct, or physical user interaction. Different devices or systems can be used to display a virtual environment. Different taxonomies have been established according to the level of immersion. For example, Muhanna [6] classified the VR systems as:
-Basic: hand-based and monitor-based.
-Partially immersive: wall projectors, immersive-desk, and monocular head-based.
-Fully immersive: room-based (vehicle simulation and CAVE) and binocular head-based. In a subject of Virtual and Augmented Reality of a Master's program in Computer Science, we observed that students who did not have stereopsis (checked using the Lang 1 Stereotest) did not have perception of depth when using VR devices such as a CAVE, a large stereo screen and even with autostereoscopic displays. However, the same students had the sensation of depth using the Oculus Rift. This motivated us to design a study to compare the Oculus Rift with another stereo device that we have already used in order to test our hypothesis. The visualization system chosen for the comparison was a large stereo screen. However, other Head-Mounted Displays (HMD) or different visualization systems (CAVE, autostereoscopic displays, or other HMDs) could also be used. Since the appearance of the first HMD developed by Sutherland [7] , many different commercial devices and non-commercial prototypes have been developed (e.g., Oculus Rift, HTC VIVE, Google Cardboard, Samsung Gear VR, or Microsoft HoloLens). Therefore, other comparisons could be considered in the future work.
In this paper, we present a study in which users were exposed to a maze navigation task in a 3D environment in two conditions: using a HMD (Oculus Rift) and using polarization glasses with a large stereo screen. Two groups of users participated in our study: a group who did not have stereopsis (no stereopsis), and a group who had stereopsis (stereopsis). Our main hypothesis was that the users that did not have stereopsis would have a statistically richer 3D experience with the HMD than with a large stereo screen.
Background

Stereopsis recovery
Several previous works have focused on the idea of restoring stereopsis in adults. Two cases in which this recovering was described were experienced by Barry [3] and Bridgeman [8] . Barry [3] recovered from strabismus after visual therapy in adulthood. Bridgeman [8] , with stereo-deficiency, acquired stereopsis when watching a 3D movie. Besides these two personal experiences, other works have also been interested in stereopsis recovery. For example, Ding & Levi [9] carried out a case study involving 5 adults who were stereoblind or stereoanomalous. After perceptual learning, the participants showed substantial recovery of stereopsis. Ding & Levi [9] concluded that "some human adults deprived of normal binocular vision can recover stereopsis at least partially". In the same year, Astle et al. [10] carried out another case study involving two humans with anisometropic amblyopia whose stereopsis also improved after following a training course. In 2014, Xi et al. [11] carried out a case study involving 11 participants with anisometropic or ametropic amblyopia. Those participants were trained with anaglyphic textures with different disparities. They also experienced stereopsis improvement. Vedamurthy et al. [12] trained adults who were stereo blind or stereodeficient using a natural visuomotor task (a Virtual Reality environment). They conclude that "some adults deprived of normal binocular vision and insensitive to the disparity information can, with appropriate experience, recover access to more reliable stereoscopic information". Therefore, all these previous works indicate that human adults can recover or acquire stereopsis in adulthood.
Users' perceptions
In this section, we focus on users' perceptions in which two different visualization devices have been compared. To our knowledge, no previous work has studied users' perceptions considering people with stereo vision versus stereo blindness. However, several studies of users' perceptions have been carried out with groups in which specific problems had not been defined. With regard to the comparison between different HMDs, Young et al. [13] compared the Oculus Rift and a high-cost Nvis SX60 HMD, which differ in resolution, field of view, and inertial properties, among other factors. In this comparison, both HMDs were fully immersive. Young et al. [13] assessed simulator sickness and presence. They found that the Oculus Rift consistently outperformed the Nvis SX60 HMD, but some people were more subject to simulator sickness with the Oculus Rift. Buń et al. [14] used the nVisor MH60V HMD, the Oculus Rift DK1, and Samsung Gear VR with students of medical disciplines to learn anatomy. In this study, the three HMDs were fully immersive. Twenty students from the Poznan University of Technology participated in a study concerning perception. The participants were asked to select the preferred HMD and interaction method. Most of them chose the Gear VR in combination with Kinect and gamepad as the preferred solution.
Other works have compared HMDs with different visualization systems. For example, Tan et al. [15] presented a study involving 10 participants who played a first-person shooter game using the Oculus Rift and a traditional desktop computer-monitor. In that study, the authors compared a fully immersive VR system with a basic or low immersive VR system. They concluded that the participants had heightened experiences, a richer engagement with passive game elements, a higher degree of flow, and a deeper immersion with the Oculus Rift than on a traditional desktop computer-monitor. However, they also mentioned the problems of cybersickness and lack of control. Gutiérrez-Maldonado et al. [16] developed a VR system to train diagnostic skills for eating disorders and compared two visualization systems (Oculus Rift DK1 vs. a laptop with a stereoscopic 15.6-inch screen). In that study, the authors also compared a fully immersive VR system with a basic or low immersive VR system. Fifty-two undergraduate students participated in their study. No differences were found in either effectiveness or usability with regard to skills training in a psychopathological exploration of eating disorders through virtual simulations. Juan & Pérez [17] carried out a comparison study of the levels of presence and anxiety in an acrophobic environment that was viewed using a Computer Automatic Virtual Environment (CAVE) and a 5DT HMD. In this environment, the floor fell away, and the walls rose up. To determine whether either of the two visualization systems induced a greater sense of presence/anxiety in non-phobic users, an experiment comparing the two visualization systems was carried out. Twenty-five non-phobic participants took part in their study. The CAVE induced a significantly higher level of presence in users. Their results indicated that both visualization systems provoked anxiety, but that the CAVE provoked more anxiety than the HMD.
Other works have compared different versions of the same environment using HMDs. For example, Davis et al. [18] used the Oculus Rift and compared two different virtual roller coasters, each with different levels of fidelity. They found that the more realistic roller coaster with higher levels of visual flow had a significantly greater chance of inducing cybersickness.
Therefore, previous works have compared HMDs with low and fully immersive VR systems. In contrast, we compare a HMD with a partially immersive VR system. 
3
Virtual environment
The virtual environment is based on the Cincinnati Water Maze [19] . The virtual environment is a maze with nine intersections (see Figure 1) . The maze has a wall of hedges that are two meters high and pathways of grass that are two meters wide. A first-person avatar represents the participant's point of view (the participant sees the maze through the eyes of the avatar). Therefore, this avatar personifies the movements of the user in the maze. The participant controls the avatar with a gamepad. At each intersection, there is an arrow on the ground; the color of the arrow and the direction it points depend on the scene. The system has three stages: habituation, retention, and testing. The habituation stage has an environment with a short route. The path has four intersections and a straight road at the end. This is a trial stage to train participants to handle the system properly. The retention stage consists of an environment in which the participant follows another route with nine intersections and is guided by green arrows. The participant must learn the route. The testing stage has yellow arrows that show options at each intersection. The participant must remember and follow the same path that was followed in the retention stage. When the participant makes a mistake, the system shows a warning message and they are automatically relocated back to the starting position. Each participant has five attempts to reach the end of the maze. The time increases with the number of attempts. The experience lasts around six minutes. However, the time could increase based on the number of attempts. A more detailed description of the virtual environment can be found in [20] .
Hardware and Software
The virtual environment ran on an Intel Core i7 computer, 3.5 GHz processor with 16GB RAM, an NVIDIA GeForce GTX-970 with a video card of 4GB, and Windows 8 Operating System. For the development of the system, we used Unity Edition Professional (http://unity3d.com), version 4.6.0f3 as the game engine, and C# and JavaScript as the programming languages. Blender was used to create and modify the 3D models that were included in the environment. Adobe Photoshop was used to modify textures and images.
Two loudspeakers were used to provide messages and instructions to the participants. AB-Move Gamepad BG Revenge was used as the input device. Thanks to the gamepad, the user controlled the avatar, indicating the direction to follow (i.e., go forward, turn to the right, or turn to the left). The gamepad was integrated into the system thanks to the controller Input Manager of Unity, which enabled functions and personalized the use of the device in the two visualization systems. The collision of objects in the environment was controlled to keep the participants from colliding with the walls.
Oculus Rift
We used an Oculus Rift DK2. It has a resolution of 960 x 1080 per eye, a field-of-view of 100 nominal, a weight of 0.32 kg, and an optical frame rate of 75 Hz. It has head tracking and positional tracking. Figure  2 shows a view of the Maze with the Oculus Rift. Figure 3 shows a user handling the Oculus Rift. The head tracking of the Oculus Rift was used to let the user to look around in the position where he/she was. To integrate the Oculus Rift with the system, we used the plugins provided by the manufacturer (Oculus SDK 0.4.2, Oculus Runtime, and Oculus Unity Integration Package). 
Large stereo screen
A large stereo screen was placed in a room with some special characteristics. First, the room was divided into two areas (the projection area and the user area); these areas were separated by a wall and a translucent 120-inch screen. Figure 4 shows a representation of this room. Two projectors placed in the projection area project two images onto the screen. Specifically, we used two InFocus IN1503 short throw projectors. These projectors could generate an image of 177x111 cm. at a throw distance of 140 cm. They produced a brightness of 3000 ANSI lumens and had a resolution of 1280 x 800 pixels. These two images are polarized and a 3D image is created. The user must wear linear polarized 3D glasses in order to see the image correctly. Figure 5 shows a user in the large stereo screen condition. A library was developed to create the 3D sensation. This library allows the user to have the right point of view by placing the two virtual cameras to simulate the two eyes of the user. The cameras are located at a standard intraocular distance (63 mm) [21] and at a field of view of 60°. This value for the field of view was calculated from the real dimensions of the screen and the distance between the participant and the screen. This condition did not include head tracking. 
Study
All of the participants were duly informed about the purpose of the study before each session. They signed the Informed Consent for participation, and the study was conducted according to the principles stated in the Declaration of Helsinki. The Ethics Committee of the Universitat Politècnica de València (UPV) approved this study.
Before each session, all of the participants filled out the Personal Data Questionnaire (PDQ). Afterwards, they were checked for stereopsis using the Lang 1 Stereotest cards [22] , [23] . The participants were divided into two groups. Each group participated in only one session and was exposed to only one of the two different conditions. One group used the HMD and the other group used the large stereo screen (intersubject analysis). Finally, when they had finished, they completed the questionnaire about previous experiences (PEQ), and another questionnaire (PQ) to know their perceptions about interaction, the 3D sensations, and satisfaction. Most of the questions of the PQ were adapted from the Presence Questionnaire proposed by Witmer & Singer [24] .
Participants
Students of the UPV participated in this study (N= 59; mean age 25.83 ± 3.97; 35 men and 24 women). A recruitment campaign was conducted to find the participants by advertising within the campus facilities. The participants were randomly assigned to each condition. Since the task was the same, each participant used only one of the two conditions. The participants were assigned randomly to two groups (30 participants for the HMD condition, and 29 for the large stereo screen condition).
Control Variables
To carry out the current study, two control variables were defined. The main goal was to establish homogeneous groups in terms of previous experiences with 3D and to determine which participants had stereopsis and which ones did not. First, the PEQ was used to determine whether the participants of both groups had previous experience with 3D and video games. The PrevExperience variable combines the answers to questions related to previous experience (Table 1) . The questionnaire used a Likert scale [from 1 to 5 (1 being 'none' or extremely low, and 5 being 'very high')]. For the group of participants who did not have stereopsis, the mean for the HMD condition was 3.09 ± 0.61, and the mean for the large stereo screen condition was 2.78 ± 0.58. These means indicate that those participants had moderate experience with 3D. For the group of participants who had stereopsis, the mean for the HMD condition was 3.10 ± 0.59, and the mean for the large stereo screen condition was 2.96 ± 0.61. These means indicate that those participants had moderate experience with 3D. There were no statistically significant differences in previous 3D experiences between the HMD condition and the large stereo screen condition (U = 34, Z = 0.714, p = 0.483, r = 0.184). This result demonstrates the homogeneity of the sample regarding this aspect. Second, the Lang 1 Stereotest was applied to determine which participants had stereopsis and which ones did not. Brown et al. [23] administered the Lang 1 Stereotest to 292 participants and concluded that this test correctly identified people with vision defects associated with reduced stereopsis and that it was appropriate for vision screening of both adults and children. The Lang 1 Stereotest has three objects. We followed the protocol suggested by Brown et al. [23] . A participant passed the test when he/she had 3/3 positive responses, 3/3 partial positive responses, or 2/3 positive and/or partial positive responses where the negative response was at the 550" level. A participant failed the test when he/she had 3/3 negative responses and 2/3 negative responses where the single positive or partial positive response was at the 1200" level. In our sample, 22 participants were successful in the Lang 1 Stereotest for the HMD condition (73.33%), and 22 participants were successful for the large stereo screen condition (75.86%). Therefore, 8 participants failed the Lang 1 Stereotest in the HMD condition (26.67%), and 7 participants failed in the large stereo screen condition (24.14%). These results ensure an equivalent number of participants in the two conditions. In Brown et al.'s study [23] , 6.5% of the participants failed the test. Other studies have indicated that this percentage can be between 5% and 10% [25] , or as high as 34% in older subjects [26] . In our case, this percentage is considerably higher than in normal population. This is because we especially invited people who we knew did not have stereopsis to participate in our study. The objective was to have the sample of participants without stereopsis as large as possible to compare them with the population with stereopsis.
Procedure
The study compared the participant's perceptions using a 3D environment in two conditions (HMD and a large stereo screen). The same VR environment was used with each condition. In order to move around the virtual environment, the participants held a gamepad in their hands. In the HMD condition, the participants were seated in a chair and wore an Oculus Rift DK2 with head tracking enabled. The lenses of the HMD were positioned properly for each user's eyes. This adjustment was achieved by turning the lateral adjuster to fix the separation between the participant's eyes (inter-pupillary distance). The HMD was kept firmly in place by strapping it tightly to the participant's face.
In the large stereo screen condition, the participants were standing in front of the large, high-resolution display. Displacement and rotation depend on the decision points shown in the virtual environment. Each participant was instructed about how to use the gamepad, the HMD, and the polarized glasses. The participant was also urged to pay attention at each stage of the exposure. Each participant was instructed to remember the route in order to find a way out of the maze.
After ending the session, the participants answered a questionnaire on the interaction with the system, 3D sensations, and satisfaction (PQ). The questions of the questionnaire are shown in Table 2 .
Results
This section presents the analysis of the data collected from this study. Data normality was checked and the pertinent statistical tests were carried out based on those results. The Shapiro-Wilk and Anderson-Darling are inferential tests that were used to check data normality. Since the tests reported that our data did not fit the normal distribution, non-parametric statistical tests (the Mann-Whitney U test) were applied for the Likert questions to determine whether or not there were statistically significant differences for our questionnaire (Table 2 ). There were two groups: one group used the HMD and the other group used the large stereo screen. These two groups were also divided into two different populations, those participants who had stereopsis and those participants who did not have stereopsis. The data from the study were analyzed using the statistical open source toolkit R (http://www.r-project.org) with the R-Studio IDE (http://www.rstudio.com).
The results of our questionnaire were grouped by Interaction, 3D Sensations, and Satisfaction. The results are shown in Tables 3-8 . Table 2 . Questionnaire on the interaction, 3D-sensations, and satisfaction. The questionnaire used a Likert scale [from 1 to 5 (1 being 'none' or extremely low and 5 being 'very high')].
# QI Interaction
QI1
How natural was the mechanism that controlled movement through the environment? QI2
How natural did your interactions with the 3D environment seem?
QI3
How well could you concentrate on the required tasks rather than on the mechanisms used to perform those tasks? QI4
The environment was easy to use.
# QE Virtual Environment and 3D-sensations
QE1
How involved were you in the 3D virtual environment experience?
QE2
How much did your experiences in the virtual environment seem consistent with your real-world experiences? QE3
How closely were you able to examine objects? QE4
How quickly did you adjust to the 3D virtual environment experience? QE5
At times it seems to me that objects have depth? QE6 My 3D experience compared to others previous 3D experiences has been …
# QS Satisfaction
QS1
To what degree did you feel general discomfort during or at the end of the task?
QS2
In general, rate the experience of movement and interaction with the virtual environment.
QS3
Rate your visualization experience from 1-5 (1-least satisfying).
Interaction outcomes
As Tables 3 and 4 show, no statistically significant differences were found in the QI2-QI4 questions between the HMD condition and the large stereo screen condition. The participants thought that the interaction with the 3D environment seemed natural (QI2). The users were concentrated on the assigned task rather than on the mechanisms used to perform it (QI3). The participants did not perceive significant differences for ease of use (QI4). However, there was a statistically significant difference in QI1 in favor of the HMD. In Q1, the participants perceived the mechanism, which controlled movement through the environment, to be more natural. These results were obtained for the two groups of participants (stereopsis vs. no stereopsis). For the HMD condition and the two population groups (stereopsis vs. no stereopsis), no statistically significant differences were found in the QI1-QI4 questions. The same result was obtained for the large stereo screen condition and the two population groups. 
3D-sensation outcomes
To determine the outcomes for 3D sensations, the participants answered questions QE1-QE6 after their exposure to the virtual environment in two conditions (HMD vs. large stereo screen). Statistically significant differences were found in all six questions in favor of the HMD. These statistically significant differences can be observed for the group of participants who did not have stereopsis (Table 5 and Figure 6 ) and those who had (Table 6 and Figure 6 ). Overall, the HMD allowed the participants to feel a more enhanced experience than the large stereo screen for the two groups (stereopsis vs. no stereopsis). For the HMD condition and the two groups of population (stereopsis vs. no stereopsis), no statistically significant differences were found in the QE1-QE6 questions. For the large stereo screen condition, no statistically significant differences were found for any of the questions, except for QE3 in favor of the participants who had stereopsis (U = 32, Z = -2.687, p = 0.011, r = 0.499). Although the means of the two groups for QE3 are low, the participants who had stereopsis were able to closely examine objects to a significantly greater extent than the participants who did not have stereopsis. Moreover, the participants who had stereopsis in the large stereo condition scored higher in all the questions (except QE1) than those who did not have stereopsis. In QS1, there were no statistically significant differences between the two conditions for the participants who did not have stereopsis regarding general discomfort during or at the end of the session (see Table 7 ). However, in QS1, there was a statistically significant difference between the two conditions and for the participants who had stereopsis (see Table 8 ). The values of the means for the two groups show that the participants who had stereopsis felt greater general discomfort with the HMD. In QS2 and QS3, the results show that there were statistically significant differences between the two conditions in favor of the HMD (see Tables 7 and 8 ). This means that, in general, the participants had a more satisfying experience using the HMD. For the HMD condition and the two population groups (stereopsis vs. no stereopsis), no statistically significant differences were found in the QS1-QS3 questions. For the large stereo screen condition, no statistically significant differences were found for any of the questions, except for QS2 in favor of the participants who had stereopsis. This result for QS2 implies that the participants who had stereopsis rated the experience of movement and interaction with the virtual environment significantly higher than the participants who did not have stereopsis. When comparing the HMD column of Tables 7 and 8 (HMD condi- tion, no stereopsis vs. stereopsis), the participants who had stereopsis scored higher on all the questions than the participants who did not have stereopsis. The results for the comparison of the large stereo screen column were similar.
Task outcomes
To determine the performance on the task, we calculated the following: the time for completion of the task in seconds (Time), the number of head turns by the participant performed at intersections (Headings), the number of attempts made to successfully complete the path (Attempts), and the score (Score). The Score was obtained by adding the number of correct directions chosen in each of the five attempts established to complete the path. We defined ten points per attempt and a maximum Score of fifty points. Specifically, the Score variable was obtained as follows. Each participant had five attempts to reach the end of the maze. If the participant reached the end of the maze on the first attempt, the task ended. If a participant chose the wrong direction at an intersection, the participant automatically returned to the starting point and made another attempt. If the participant went through all five attempts, the task ended. The participants received a point for each correct choice of an intersection at each attempt. There were 10 intersections in total. The participants received 10 points for each attempt that they did not have to complete. Therefore, if the participants reached the end of the maze on the first attempt, they received 50 points (10 for the first attempt, and 40 for the 4 attempts that they did not have to complete).
The results for the participants with stereopsis and those without stereopsis using the HMD condition are shown in Table 9 . Table 10 shows the results considering gender. The results for the participants with stereopsis and those without stereopsis using the large stereo condition are shown in Table 11 . Table 12 shows the results taking gender into account. For the two conditions considered independently, the results show that there were no statistically significant differences for the performance on the task between the participants with stereopsis and the participants without stereopsis. The performance on the task was also independent for gender. For the HMD condition, Table 13 shows the results for the Headings variable (head turnings) taking into account gender and group (no stereopsis vs. stereopsis). The results show that there were no statistically significant differences for gender and group.
When the Score variable for the group who did not have stereopsis is analyzed and the HMD (48.00  2.88) and large stereo screen (41.43  9.41) conditions are compared, there were no statistically significant differences (U = 38.5, Z = 1.318, p = 0.210, r = 0.340). When the Score variable for the group who had stereopsis is analyzed and the HMD (47.68  3.23) and large stereo screen (38.09  11.36) conditions are compared, there were statistically significant differences (U = 354, Z = 2.725, p = 0.006**, r = 0.411) in favor of the HMD condition.
Discussions
As mentioned in the background section, HMDs have already been compared with different visualization systems. In this paper, we have compared a HMD (Oculus Rift DK2) with a partially immersive VR system. Previous works have compared the Oculus Rift with a fully immersive VR system [13] and with a nonimmersive VR system [15] . Our results are in line with these works. Although other works have suggested that a large projection screen may be an effective substitute for a HMD [27] , our results indicate that participants had a better 3D experience using a HMD than using a large stereo screen. Juan & Perez [17] compared a HMD and a CAVE and observed that the CAVE induced a significantly higher level of presence. The features of their HMD were: 800 x 600 and 40º FOV. The features of the current HMDs are significantly better. We used a HMD with 960 x 1080 and 100º FOV. Another aspect to consider is the inclusion in the system of head tracking. The motion parallax cue plays an important role in stereoscopy. In a fair comparison, the projected stereoscopic display should have head tracking. From our results (QI1 and QS2), non-inclusion of head tracking has negatively affected the results for our large stereo screen condition. In any case, considering our work and previous works, it is possible to conclude that current HMDs offer advantages over basic, partially, or fully immersive VR systems. Also mentioned in the introduction section, the study was motivated by the observation of students who did not have stereopsis and did not have depth perception with other VR devices (e.g., CAVE, a large stereo screen, or autostereoscopic displays). However, those same students did have the sensation of depth using the Oculus Rift. Our study corroborated our main hypothesis that current HMDs allow users with stereopsis problems to have the illusion of depth perception. Our explanation for this is that the field of view of current HMDs is much more similar to the human eye than other VR devices or systems. The inclusion of head tracking and a low latency are also very important. Nearly all of the current HMDs include head tracking. As Carmack [28] indicated that "The latency between the physical movement of a user's head and updated photons from a HMD reaching their eyes is one of the most critical factors in providing a high quality experience". Thus, all the new features of current HMDs allow the users to perceive the virtual environment similarly to the way they perceive reality, and, therefore, they feel similar sensations. Stereo blind individuals rely more heavily on motion based cues for depth. Therefore, the 3D experience could largely be influenced by the head tracking. Our argument that the head tracking largely influences the 3D experience was shared by one of the participants without stereopsis. This participant was a computer graphics PhD student, and he explained his experience in an interview after 3 months of his participation in our study.
The participant was not able to identify any of the figures that appear in the Lang 1 Stereotest. He did not perceive 3D with an autostereoscopic screen, or with the large stereo screen used in our study, or in the 3D cinemas. However, for the first time in his life, he did experience the feeling of depth with a VR environment using the Oculus Rift. With our virtual maze, he could perceive that the virtual elements were at his side and he could notice the distance they were from. His personal opinion was that the changes in perspective while moving his head enabled him to have that 3D feeling. After this first 3D experience, he tested other stereoscopic devices and he has only been able to appreciate 3D with HMDs that include head tracking. This participant added that when using HMDs that do not include head tracking, instead of perceiving 3D, he suffered from cybersickness. He also experienced cybersickness with the Oculus Rift and with environments that do not allow navigation using head turns. These 3D experiences have not changed the way he perceives objects in the real world. Other statements expressed by other participants without stereopsis during the experience were as follows: 'Oh my God, I can perceive 3D for the first time in my life with this VR device'. This reaction was in line with that reported by the participants in the study carried out by Ding & Levi [9] , "depth 'popped out' in daily life, and I enjoyed 3D movies for the first time".
Previous works have used VR for training adults who were stereo blind or stereodeficient [12] . After the training, some of those participants recovered or acquired stereopsis. Our work tested the same virtual environment with two different visualization systems (HMD vs. a large stereo screen) and with people with stereopsis and without stereopsis. From the results, the HMD allowed the participants to feel a richer 3D experience than the large stereo screen for both groups (stereopsis vs. no stereopsis). This also indicates that full stereopsis may not be necessary for rich 3D experiences. The performance on the task for the HMD was independent from the participants' condition (stereopsis vs. no stereopsis) and gender. Therefore, our work and previous works are complementary and their union opens up new possibilities for people with stereoblindness or stereodeficiency. We believe that the use of HMDs in training people for recovering or acquiring stereopsis could have implications for the recovery of visual function in real life. Several studies have indicated that between 5% and 10% of the population do not have stereoscopic vision [23] , [25] . This percentage can be as high as 34% in older subjects [26] . Therefore, current HMDs could help this population to experience depth perception using VR. As mentioned in the background section, Bridgeman [8] , with stereo-deficiency, acquired stereopsis when watching a 3D movie. A current HMD has been used for watching 3D movies as an observer or as an actor [29] . Oculus Story Studios (https://storystudio.oculus.com/en-us) made their first two movies, Lost (2015) and Henry (2016) . The possibility of watching movies in 3D as an observer or as an actor is interesting for people with stereopsis, but it also opens up a new possibility for people with stereopsis problems that could be explored.
In this study, we have used a gamepad for the interaction. However, other devices or types of interaction can also be used, e. g., using touch motion controllers, which can be combined with the Oculus Rift CV1. Another possibility is to use VR Manus gloves, or to use Leap Motion for gesture interaction. Leap Motion can be attached to the HMD, allowing interaction with the user's hands.
Even though current HMDs have several benefits, they also have some drawbacks. One of them is the cybersickness that they may induce. As Davis et al. [18] indicated, the more realistic the environment with higher levels of visual flow, the greater the chance of inducing cybersickness. Other works have also studied cybersickness. For example, Sharples et al. [30] studied VR induced symptoms and effects comparing a HMD, a desktop, a projection screen (smaller than ours), and a reality theatre. The participants using the HMD and the projection screen experienced a significant increase in symptoms pre-post exposure for oculomotor, disorientation, and total scored. Moreover, the participants using the HMD also reported a significant increase in nausea. We have not carried out a formal study about cybersickness, but the data for the SQ1 question (To what degree did you feel general discomfort during or at the end of the task?) indicates that the participants who had stereopsis scored significantly higher on SQ1 using the HMD than using the large stereo screen condition. Taking into account the differences, our observations are in line with the conclusions obtained by Sharples et al. [30] . Recent studies indicate that the Oculus Rift induces motion sickness [31] . However, further studies are needed to determine whether this or other current HMDs induce more cybersickness than other VR systems, and comparisons between them should also be made. Another drawback is that cables must be connected to the computer. Therefore, wireless HMDs (e.g., Samsung Gear VR, Google Cardboard or HoloLens) that offer freedom of movement could also be considered.
Conclusion
We have compared two different visualization systems: a partially immersive large stereo screen, and a fully immersive HMD. The study involved participants who had stereopsis and participants who did not have stereopsis. To our knowledge, this is the first comparison involving those two different visualization systems and those two population groups. The HMD has provided a significantly better VR experience than the large stereo screen. Users that have stereopsis problems and cannot perceive 3D when looking at the Lang 1 Stereo test or using other VR systems (CAVE, large stereo screens, or autostereoscopic displays) do have the sensation of depth when using the HMD. Therefore, our findings indicate that people without stereopsis may benefit from a 3D experience with current HMDs. As future work regarding the perceptions of people that do not have stereopsis when using current HMDs, a study could be carried out to determine the weight of the different aspects that influence stereoscopy (especially, motion parallax). The Oculus Rift, other HMDs, or other 3D-display technologies could be used to design VR environments for training and to facilitate recovery of stereo vision by people with stereo-deficiencies. We hope to help people who are afflicted with stereo-deficiencies to have rich 3D experiences in VR with the work and ideas presented here.
